The sensitivity of an estrus detection system and the consistency of alarms relative to ovulation 29 determine its value for a farmer. The objective of this study was to compare four different heat 30 detection systems for their ability to detect heat and predict the moment of the LH surge in a 31 single herd during the same study period. This comparison, in which the moment of the LH surge 32 was used as an indicator for ovulation, allowed for the objective evaluation of each system and 33 the potential for optimizing the fertility management on farm. The four systems were traditional 34 visual observation, an activity-based system and two progesterone-based methods: (1) Herd 35 Navigator TM and (2) a novel algorithm which combines a mathematical model and synergistic 36 control. The latter algorithm also allowed to test whether using the mathematical model could 37 improve the relation with the LH surge. First, the systems were compared in terms of sensitivity 38 and positive predictive value for heat detection. Then, the time interval between the attentions 39 and the LH surge was investigated and compared based on their range and SD. Heat attentions 40 based on visual observations had the lowest sensitivity to detect heat (40%), and were noted from 41 4 hours before until 5 hours after the LH surge (range 9 hours, SD 4 hours), indicating a strong 42 relation. Activity-attentions proved more sensitive (80%). They had the least accurate relation 43 with the moment of the LH surge and were observed from 39 hours before until 8 hours after it 44 (range 47 hours, SD 16 hours). Attentions based on milk progesterone measurements correctly 45 identified all estrous periods. Herd Navigator TM attentions system were followed by the LH surge 46 HEAT DETECTION ATTENTIONS AND THE LH SURGE 3 after 22 to 66 hours (range of 45 hours, SD 11 hours). The model-based approach generated 47 attentions 49 to 81 hours (range 33 hours, SD 11 hours) before the LH surge. As detection of the 48 LH surge was very labor-intensive, only a limited number of potential heat periods could be 49 studied. For some of the methods (e.g. visual observations), the sensitivity restricted the number 50 of cases even more. Nevertheless, the approach ensured an objective comparison between 51 relevant heat detection systems in a commercially representative setting. Accordingly, this study 52 helps to place larger studies linking heat detection and ovulation into perspective and shows the 53 potential of new P4-interpreting algorithms, thereby highlighting the need for further research. 54
after 22 to 66 hours (range of 45 hours, SD 11 hours). The model-based approach generated 47 attentions 49 to 81 hours (range 33 hours, SD 11 hours) before the LH surge. As detection of the 48 LH surge was very labor-intensive, only a limited number of potential heat periods could be 49 studied. For some of the methods (e.g. visual observations), the sensitivity restricted the number 50 of cases even more. Nevertheless, the approach ensured an objective comparison between 51 relevant heat detection systems in a commercially representative setting. Accordingly, this study 52 helps to place larger studies linking heat detection and ovulation into perspective and shows the 53 and 12 to 35 hours (range 23 hours, SD 4.4 hours) after respectively the onset and the end of 93 increased number of steps. In contrast, the intensity of visually detected estrous behavior did not 94 relate to ovulation time, which occurred between 18.5 and 48.5 hours after onset (range of 30 95 hours, SD 5.1 hours) and between 9.5 and 33.5 hours (range of 24 hours, SD 4.4 hours) after the 96 visually observed heat [16] . Until now, milk P4 dropping below a fixed threshold is shown to 97 relate poorly with actual timing of ovulation. The best results were obtained using a fixed 98 threshold of 5 ng/mL, with ovulation occurring 54 to 98 hours later (range of 44 hours, SD 11.2 99 hours) [17] . As mentioned by Friggens et al., (2008) and Adriaens et al. (2017) , milk P4 100 measurements are subject to a large variability [10, 18] . Accordingly, the methodology used to 101 monitor milk P4 might have a large impact on the accuracy of ovulation prediction [10, 19] . To 102 this end, different methodologies have already been developed and one of them is implemented 103 necessary first condition to be useful on farm, while the latter provides information on how well 116 the attention relates to ovulation time, and ultimately, the optimal time of insemination. Because 117 assessing the LH surge is very labor-intensive, only a limited number of heat periods were taken 118 up in this study. This prevents from making steady claims in this paper, but it enables to place 119 larger studies, which typically only evaluate one heat detection system in absence of a good 120 reference for ovulation, in perspective. Moreover, it might provide valuable data for future meta-121 analyses on heat detection, P4 and ovulation. In this study, we hypothesized that the P4-based 122 systems would outperform the behavior-based systems in terms of sensitivity and that using a 123 mathematical model describing the P4 drop during luteolysis could improve the relation between 124 the heat attention and preovulatory LH surge. 125
Estrus Detection 163
At first, this study compared different heat detection systems in terms of sensitivity and PPV. 165
Hereto, a 'reference heat period (RHP)', was defined, which starts with a HN-P4-drop followed 166 by a period of low milk P4 (< 5 ng/mL) of minimum 5 and maximum 10 days in which a 167 preovulatory follicle of at least 13 mm was detected as described in section 2.4 [26] . This 168 methodology allowed us to identify all estrous periods of the cows, including silent heats, while 169 getting around the need of daily ultrasound examinations. The sensitivity of a method was 170 defined as the number of times an attention was given by the system during the RHP (true 171 attentions) divided by the total number of RHP (true estrus). The PPV was the number of true 172 attentions compared to the total number of attentions for that method. Sensitivity and PPV of the 173 different heat detection systems were determined for the period between day seven and the end 174 of the study in which visual heat observations were performed. 175
176
Visual observations were done by an independent observer twice a day for 30 minutes according 177 to the scoring system proposed by Van Eerdenburg et al., (1996) starting from day seven of the 178 trial, once in the late morning (11 AM) and once after evening feeding (6 PM). The observer was 179 not aware of the P4 profiles nor of activity attentions. A cow was considered observed in estrus, 180 and thus an 'attention' was raised when the sum of two successive observation scores exceeded 181 50. Because a cow standing to be mounted is considered conclusive for estrus, this was noted 182 separately. If a single observation period resulted in a score above 50, the attention was set at 183 that period. Otherwise, the time midway in-between the two successive observations was The HN system measures the milk P4 with a lateral flow immunoassay method [27] and 200 generates a heat attention when the smoothed P4 value undercuts a 5 ng/mL threshold [20, 22, 23] . 201
It should be noted that in our study, the measurement frequency of the HN system was increased 202 to one sample each milking, and all measurements were used to obtain the HN attentions. 
Serum LH 212 213
One of the main difficulties when investigating the optimal insemination time is to have a good 214 reference measurement for ovulation. Practically, the possibilities are limited to monitoring 215 gestation after insemination, ultrasonography and detection of the LH surge. In contrast to 216 ultrasonography, measuring LH is not dependent on immediate on-spot interpretation. As such, it 217 is more feasible when collecting samples over a longer period of time and different observers can 218 join forces without decreasing the performance of the reference method. Therefore, we used the 219 preovulatory LH surge as a proxy for ovulation in this study. As the LH surge lasts only for 9-9.5 220 hours on average [14,15], high-frequent two-hourly samplings around the expected ovulation 221 time were needed. This high-frequent sampling is not only labor-intensive, but also expensive, 222 limiting the feasibility and extensiveness of these type of studies. Previous studies investigating 223 moment of ovulation applied a synchronization protocol first [14, 15, [36] [37] [38] [39] [40] [41] [42] [43] , limiting the time in 224 which frequent monitoring is needed, or based the starting moment for monitoring on visual 225 symptoms of heat [12, 13, 16, 37 ]. This method is not useful when non-behavioral estruses should 226 be included too. The availability of on-line P4 measurements allowed for optimizing sampling 227 time without the need for external behavior-based estrus detection or the use of an estrous 228 synchronization protocol. In our study, identification of the right moment to start sampling forthe best chance to detect the LH surge was based on (1) the absence of P4 in the milk and (2) the 230 presence of a preovulatory follicle, similar to the methods followed by Hockey et al. [2, 28] . 231
232
Starting from day 28 of the trial, an expert veterinarian checked the ovaries of each cow for the 233 presence of a preovulatory follicle 15 to 50 hours after the HN-P4-drop, using a transrectal 234 ultrasound scanner (A6v, Sonoscape Medical Corp., Shenzhen, China). Next, two teams of two 235 researchers took blood samples from the jugular vein each two hours starting 36 hours after the 236 HN-P4-drop over a period of 72 hours, unless the cow showed post-estrous bleeding (in this 237 case, sampling was terminated). A preliminary study showed that this amount of samples was 238 needed to ensure a full image of all LH surges was obtained. Per sample one disposable 20G 239 needle was used to ensure minimal impact. The cows in the trial were trained to accustom them 240 to human handling, and did not show symptoms of distress in the process. As much attention as 241 possible was paid by the researchers to limit distress and it was assumed that taking the blood 242 samples in this herd influenced the (stress-level of the) cows very little. The blood samples were 243 allowed to clot at room temperature for two hours and were centrifuged afterwards at 2300 g to 244 collect the serum. Next, three aliquots of each serum sample were stored at -20°C. Between 245 seven and eleven days after the HN-P4-drop, the ovaries of each cow were checked for the 246 disappearance of the follicle and the presence of a corpus luteum (CL). At the end of the trial, 247 LH concentration in the collected serum samples was measured with a commercially available 248 bovine LH ELISA kit (Abnova, Taipei City, Taiwan) on a BEP2000 system (Siemens Healthcare 249 Diagnostics, Marburg, Germany). The ELISA kit is based on a solid phase enzyme-linked 250 immunosorbent assay, which utilizes a polyclonal anti-LH antibody for solid phaseng/mL LH. The within-run coefficient of variation was 6.3% (average LH 13.2 ng/mL) and 5.5% 254 (average LH 45.2 ng/mL). The limit of quantification of this test was set at 3 ng/mL. All serum 255 samples of the same cow were analyzed in the same analytical run. Presence of an LH surge was 256 visually determined on a time versus LH concentration graph, and the moment of the LH surge 257 taken as the maximal LH concentration, which was between 17 ng/mL and 49 ng/mL. In all 258 cases, this surge concentration was more than 8-fold the baseline LH concentration. 259 260
Heat Attentions and the LH Surge 261 262
The second part of the study consists of a comparison of the different heat detection attentions 263 and the moment of the LH surge preceding ovulation. As LH was monitored only during the last 264 25 days of the trial, only a selection of the RHP was used for these comparisons. In total, LH 265 samples were taken during 24 RHP from 22 cows. Moreover, to obtain unbiased results, cows 266 with severe health or fertility problems known to affect endocrinology, were excluded [11,29] 267 and are discussed in the next paragraph. A total of 15 RHP (9 first parity, 6 multiparous cows, 268 158±53 days in lactation, body condition score 3.2±0.3, mean±SD) remained for the analysis, 269 further referred to as RHP S . 270
271
To investigate the link between the heat detection attention and the LH surge, the time interval 272 between the attention as described above and the moment of maximal LH concentration was 273 calculated in hours, further referred to as the time interval (TI), and was calculated as time of LH 274 peak minus time of attention. For visual observations, this was the interval from the moment theobservation cumulative score exceeded 50 points to the LH surge (TI VO ). Using the activity 276 meter system, the moment of the highest level of activity within that period was used to calculate 277 TI ACT . In the case of P4, both the HN attention and the moment of luteolysis determined with the 278 PMASC system were used to calculate respectively time intervals TI HN 
LH Surge in Unhealthy Cows 290 291
Despite the limited amount of data and the fact that monitoring unhealthy cows was not the main 292 goal of this paper, it is interesting to take a closer look at the LH data for these animals and 293 compare them with the healthy cows. The 'unhealthy' cows included one animal treated for milk 294 fever, one being severely lame and one with endometritis, all undergoing spontaneous luteolysis. 295
Additionally, three cows were treated for a luteal cyst with Dinoprostum tromethamini, 296 triggering an immediate luteolytic reaction. Furthermore, three animals developed a follicularcyst or went in anestrus after a normal cycle and spontaneous luteolysis. This was detected with 298 ultrasonography on day 7 -11 after the HN-P4-drop. 299 300
The animals treated for luteal cysts are known to ovulate, but the moment of LH surge and 301 ovulation is dependent on the stage of follicular growth at the moment of treatment. Accordingly, 302 the relation between luteolysis, which happens right after treatment, and LH surge is not 303 consistent in these cows. Therefore, collection of the serum samples was extended up to 304 maximum 98 hours. The available LH results for these cows were compared with those of the 305 healthy ones. Nevertheless, these cows were not included in the comparison between the 306 attention and LH surge which was handled in the previous section, because luteolysis was 307 induced here by exogenous PGF treatment (Dinoprostum tromethamini). 308 In this part of the study, cows with health or fertility problems were not excluded, because we 326 think it is up to the farmer to decide on the insemination of a cow. Table 1 . 337 338 Visual observation of external estrous symptoms is the oldest and most widely used method for 339 estrus detection. However, several different factors limit its reliability: housing, breed, age, 340 production level, herd size, time of observation, other cows in estrus, etc. [4,12,16,31]. In our 341 study, a heat attention based on visual observation was generated 26 times for 14 cows, from 342 which 20 were associated with a RHP (sensitivity 47.6%). Standing to be mounted was noted 13times (sensitivity 20.9%). Eight of the 22 cows never showed estrous symptoms during the 344 observation periods (36.6%), and 22 out of 42 RHP estruses were silent (52.4%), which is 345 comparable to results reported by other studies [9] . No difference was seen between primiparous 346 and multiparous cows (p-value = 0.469), nor was there a relation found with stage of lactation (p-347 value = 0.153). To verify that blood sampling did not negatively affect the estrous behavior, 348 intensity and frequency of detection were compared for the period in which we sampled (day 28 349 to 53, 25 days) and the preceding period in which only milk samples for P4 analysis were taken 350 (day 7 to 27, 20 days). Neither the intensity of estrus (score, p-value = 0.824), nor the frequency 351 of detection (10 'true' attentions per period) differed between the two periods. Therefore, we can 352 conclude that taking the blood samples did not influence the expression of external estrous 353 symptoms. Visual observations twice a day was found to be the least reliable method for heat 354 detection. For a thorough discussion of heat detection by visual observations, we refer to Van 355 Eerdenburg et al., (1996) [7] . 356
357
When all three activity levels were considered, the activity-based system performed better than 358 the visual observations in terms of sensitivity, and was able to detect nearly 81% of the estrous 359 periods. However, estrus detection solely based on the '+' activity level is not reliable, as 18 of 360 the 55 '+' attentions (32.7%) were false alarms. These moderate increases in activity are most 361 likely to be caused by dominance fighting or environment related factors. Using only the '++' 362 and '+++' attentions drastically decreased the number of false alarms (5.4% and 0% 363 respectively), but the sensitivity decreased accordingly to 59.5% and 42.9%. The main advantage 364 of activity meters over visual observations is the automated nature of the system which limits theattentions is not recommended. The decision to inseminate should be based on additional 367 evidence such as uterus tension or mucous vulvular discharge. Moreover, the current results only 368 include the pre-selected cycling cows, and the false alarm rate for '++' and '+++' attentions 369 might increase when including nymphomaniac animals with follicular cysts which did not 370 respond to pre-trial treatments. Additionally, activity scoring does not identify silent ovulations 371 in which the cow does not show the estrus-associated restlessness (11.9% in our study). 372
373
The comparison period started 7 days after the start of the trial. The PMASC system in its current 374 form needs to start from a period of low P4, as it is designed to start in the postpartum anestrous 375 period. In this way, luteolysis not preceded by the 18-21 day training period, could not be 376 detected by the system. This was the case for 7 out of the 42 RHP in the trial. Accordingly, if 377 these 7 cases would be included in the sensitivity calculation for PMASC, the sensitivity would 378 drop to 83%. However, as these would most likely have been detected if a larger reference 379 sampling period for training before these events had been available, this is an underestimation ofWe marked the calculations for these separately with a "*" in Table 1 . In a large study 382 conducted by Friggens et al., (2008) , a sensitivity of 93.3% to 99.2% was reached, using the HN 383 system for milk P4 measurements in combination with the model described by Friggens and 384 Chagunda (2005). It should be noted that the obtained sensitivity results are influenced by the 385 way 'estrus' is defined. However, the additional check-up of the ovaries using ultrasonography 386 aided to confirm each estrous period, and physiology dictates that estrus cannot occur during
The value of P4-based systems only indicating luteolysis might be over-estimated in terms of 391 sensitivity as long as there is no better standard for ovulation. Basically, the absence of P4 is a 392 necessary condition for the secretion of the GnRH impulse, which stimulates the pituitary gland 393 to produce the preovulatory LH surge. The complete hormone mechanism for ovulation is 394 complex, and depends on a cascade of inhibition and stimulating hormones, all influenced by 395 several physiological factors [26] . For instance, decreasing body condition score and negative 396 energy balance result in reduced oocyte quality and inadequate CL function [38] . Future research 397 will determine when it is recommended to inseminate after a detected luteolysis, and which 398 factors (such as BCS, diseases, insufficient uterus tonus, …) should be taken into account. 399
400
In the following section, a comparison is given of the heat detection attentions and their relation 401 with the LH surge preceding ovulation. As such, the timing of optimal insemination based on 402 these attentions could be evaluated. 403 404
Relation between heat attentions and the LH Surge 405 406
The second part of this study focused on the time interval (TI) between heat detection attentions 407 and the LH surge (TI VO , TI ACT , TI HN , TI L ). 408
409
The baseline concentration of serum LH was on average 1.46±0.84 ng/mL and was in 393 out of 410 the 491 measurements (80%) below the limit of quantification of the assay (i.e. < 3 ng/mL). The 411 LH surge (36.3±11.3 ng/mL) (mean±SD) developed and faded for all cows within 8 hours (= 4measurements). An overview of the LH data and the ELISA P4 profiles, centered around the LH 413 surge is shown in Figure 1 . A clear peak can be observed for each of the included cows despite 414 the afore-mentioned variability in serum LH concentrations measured with ELISA. The P4 415 profiles also show a large variability, both before and after the LH surge, but all cows had an 416 active CL producing P4 concentrations of more than 5 ng/mL within 7 days after the LH surge, 417 which is an additional indicator that these cows had ovulated. 418
In Figure 2 , the TI in hours from the attention to the LH surge is plotted for each of the RHP S for 420 which an attention was given, together with the average (thick red line). A summary of these 421 results is also given in Table 2 . The upper black dots show the data for the first parity, the lower 422 grey dots for parity 2 and higher. 423
In 9 of the 15 RHP S , no attention based on visual observation of heat symptoms was generated, 425 and in only 5 cases standing heat was noted. Attentions based on visual observation of heat have 426 a very strong relation with the LH surge (range of 9 hours, average TI of -1.5 hours, as the LH 427 surge preceded the attention by on average 1.5 hours). So, these results indicate that visual 428 observation of heat is strongly linked to the LH peak, despite it being less sensitive. Both 429 literature and common practice advise to inseminate cows 12 hours after visual detection of cows 430 standing to be mounted and thus, according to the study of Roelofs and colleagues, 12 to 14 431 hours before ovulation [14] . As the LH surge precedes ovulation with 24 to 26 hours, our study 432 confirms their results. The same applies for the average time of 26.4±5.2 hours from standing 433 heat to ovulation [14] , which also agrees with our findings. We could not observe any
Although not included in these results, 2 more cows showed standing heat during the night. 437
These cows didn't show any symptom of estrus during the periods in which they were observed 438 according to the aforementioned protocol (during the day) and therefore not included in the 439 aforementioned results. The LH surge of these cows was 2 and 0 hours apart from the standing 440 heat observation, which is an additional confirmation of the higher mentioned agreement 441 between LH surge and cows standing to be mounted. 442
Three RHP S could not be associated with any activity attention and from the other twelve, two 444 had only a '+' attention, which was reported in the first part of this study to be very unreliable for 445 heat detection. Furthermore, activity attentions generated by commercialized activity sensors 446 were the least accurate system to relate to the LH surge. Twelve of the 15 RHP S had at least a '+' 447 attention, but the range from attention to LH surge varied from 39 hours before the LH surge to 8 448 hours after it. When addressing the different parities, it seemed that the RHP S of cows in the first 449 parity cows had a more consistent TI than the multiparous cows. The single outlier of the first 450 parity animals is a '+' attention, which is rather unreliable for heat. The 2 nd and higher parity 451 cows clearly show a higher variability (range TI = 40 hours). It is possible that these results 452 improve when using different data processing algorithms. For example, Roelofs and colleagues 453 reported decent accuracy in predicting ovulation using activity measurements. They reported that 454 ovulation occurred 29.3±3.9 hours after the onset of an increased number of steps (TI between 455 22-39 hours) and 19.4±4.4 hours after the end of the increased number of steps (TI between 12-456
The P4-based systems generated attentions for all the RHP S . The HN system gives an attention 460 when the processed P4 data undercuts a fixed 5 ng/mL threshold on the test farm. In our study, 461 this attention preceded the LH surge by 21.6 to 66.4 hours (range 45 hours, SD 11.4 hours), with 462 almost no difference between first and higher parity cows. It should be noted that these attentions 463 were based on a maximum sampling frequency of once per milking, which is typically lower in a 464 real farm setting. However, we needed the maximal sampling frequency to be able to reliably 465 identify the best moment to start LH sampling. It is expected, but not proven, that the range of 45 466 hours between maximum and minimum TI from HN attention to LH surge increases when the 467 system runs in a normal setting, due to an additional time lag caused by the smoothing algorithm 468 when less samples are taken. This time-lag is an inherent characteristic of the Kalman filter. 469
Future research should point out consistency of the alarms with different, more economically 470 feasible sampling schemes. However, this was not included in the current study, because we 471 believe a thorough, all-inclusive comparison would be needed to compare the different 472 algorithms, which is outside the scope of this manuscript. The HN algorithm at the test farm 473 advised to inseminate the cows 30-35 (first parity) to 40-45 (multiparous) hours after the HN 474 attention. As such, in 14 of the 15 RHP S the cow was inseminated in a window between 24 475 before and 8 hours after LH surge, depending on when the inseminator was available. From 476 these, 6 conceived successfully and were confirmed pregnant at pregnancy control 477 (palpation/ultrasonography) about six to eight weeks later, while 2 others might have been 478
pregnant, but encountered a P4 fall between day 40 and 50 after insemination, which was before 479 the pregnancy control. Two cows were inseminated too early (40 and 24 hours before LH surge), 480
and two cows had a rather low P4 concentration during the luteal phase after insemination,possibly insufficient to support pregnancy [26, 39] . One cow was culled before pregnancy 482 control, due to udder health problems. The last one had a timely insemination and no 483 abnormalities were noted, but did not conceive for unknown reasons. 484
485
The average TI from luteolysis detected with the PMASC system to the LH surge was 62 hours, 486 with a minimum of 46 and a maximum of 82 hours. The resulting range is thus 36 hours, and did 487 not differ between first and higher parity cows. However, this range depends on the sampling 488 frequency, as does the HN heat attention. Therefore, it would be better to have an indicator 489 which is equally predictive, but less dependent on the sampling. The PMASC system is, like the 490 HN system, an on-line system, running automatically each time a new measurement becomes 491 available. Likewise, the comparison of both systems (HN and PMASC) is based on the same 492 sampling frequency and milk samples. The only difference between both is the measurement 493 technique of milk P4, which is for the HN a lateral flow technique, while the samples for 494 PMASC are measured using ELISA. 495
496
One of the research questions of this study was whether the relation of P4-based heat attentions 497 with the LH surge (and with that, moment of ovulation) could be improved by developing 498 model-dependent rather than data-dependent guidelines through the PMASC system. In that way, 499 it might be possible to optimize the advised insemination window by (partially) decoupling the 500 generation of the attentions from the sampling frequency and luteolysis rate, which makes the 501 monitoring system more robust. To this end, it was evaluated how well different characteristics 502 of the final mathematical model related to the moment of the LH peak. In Figure 3 , this relation 503 is shown for the 15 RHP S , where each dot represents the TI from the model-based indicator tothe moment of the LH surge for each individual RHP S . These results are also summarized in 505 Table 2 . 506 [FIGURE 3] 507
As described above, the moment of luteolysis 'L' detected by the PMASC system relates good to 508 the LH surge, resulting in a range and SD on TI L of respectively of 36 hours and 12.2 hours. 509 Figure 3 and Table 3 In this study, we chose to investigate all systems simultaneously, limiting the number of cases 534 monitored. However, including all these systems is also the strength of this study, as a very fair 535 comparison could be made between them in a commercially representative setting of the modern, 536 medium-sized dairy farm. Of course, the limited number of cases and the fact only one farm was 537 included in the study bring along that no steady claims can be made on e.g. optimal insemination 538 time based on detection attentions, or the variability of these results in genetically different 539 herds. Therefore, more data should be collected, which is unfortunately both time consuming, 540 labor intensive and expensive. The current smaller type of study allows to place larger studies, 541 which typically only evaluate one heat detection system in absence of a good reference for 542 ovulation into perspective, and ultimately, to summarize optimal guidelines for e.g. insemination 543
based on a meta-analysis. We therefore identify the need for additional research including both 544 estrus detection tools and a good reference for the moment of ovulation. 545 546
LH Surge in Unhealthy Cows 547 548
In this paragraph, we contrast the unhealthy cases to the normal ones described above. It was 549 hypothesized that unhealthy cows have a larger variation in their moment of LH surge, or evenwould not have one at all [11, 41, 42] . This was confirmed in our study. For example, the three 551 cows treated for a luteal cyst all showed a clear LH surge within the sampling period. Of those 552 three, one had the LH surge 63 hours after luteolysis (detected with PMASC) which is 553 comparable to the normal cows. The LH surges of the two other cows were 45 and 111 hours 554 after luteolysis. For one cow, this is far above average, while the other is rather early compared 555 to the normal ones. This can probably be explained by the difference in follicular growth stage of 556 the current follicular wave at the moment of treatment. For the three cows treated for other health 557 problems around the period of luteolysis (severe lameness, endometritis, milk fever), neither had 558 an LH surge within the sampled time-period. Unfortunately, it was not possible to check when 559 their P4 concentration increased again and ovulation had taken place with certainty: for one cow 560 ovarian activity was boosted using GnRH and PGF 2α agonists, the second was culled and did not 561 rise to luteal levels before and the third was treated for a follicular cyst. 562 563
Conclusions 564 565
Monitoring P4 allows to identify luteolysis and outperforms classical heat detection systems 566 based on external estrous symptoms in terms of sensitivity and PPV. However, insemination 567 success also depends on correct identification of the moment of ovulation. In this study, we also 568 investigated the time interval between heat attentions generated by different detection methods 569 and the moment of the LH surge, which has been reported to occur about 26 hours before 570 ovulation. The strength of this study is the simultaneous analysis of four different heat detection 571 methods on one and the same herd and study period. Although an almost perfect relation was 572 noted between the moment of the LH surge and the heat attention based on visual observations,its use is strictly limited by the time-consuming nature and low sensitivity of this method. The 574 heat detection system based on increased activity performed better in terms of sensitivity, but did 575 not relate well with the moment of the LH surge. In this study, activity attentions were noted 576 from 39 hours before until 8 hours after the LH surge (range of 47 hours, SD 16.1 hours). P4 577 based system indicate luteolysis well before ovulation, and resulted in a very high sensitivity. 578
Attentions generated by the HN system were followed by an LH surge after 21.6 -66.4 (range of 579 44.8 hours, SD 11.4 hours). Accordingly, the relation with the moment of LH surge was slightly 580 better than for activity attentions. A new methodology using direct modelling of P4 performs as 581 good in predicting luteolysis, generating attentions 48.3 to 81.2 (range 32.9 SD 11.1 hours) hours 582 before the LH surge. This model-based approach for milk P4-based heat detection has the 583 potential to be more robust when less samples are available, but further research is required to 584 confirm this. Additionally, further research is also recommended to identify the factors 585 influencing the LH surge, and the time delay between luteolysis and ovulation. 586 587 supplying additional P4 sticks for the HN system and modifying the HN software to take 597 samples at every milking event. 598 Figure 1 . Overview of the P4 profiles centered around the LH surge for the 15 cows selected for 730 this study. A large variability in the P4 profiles is noted both before and after the LH surge, but 731 all cows had an active corpus luteum, reflected in a P4 concentration higher than 5 ng/mL within 732 7 days after the LH surge. Due to a lack of data at the start of the trial, 7 low periods were not identified by the PMASC system. As the P4 pattern for these 759 is identical to the other 35 cases, and we did not want to discard all those data to avoid more reduction of the already small set,
760
we assumed that they would have been detected and reported them separately. 
